Magnetic circular dichroism has been used to study the orbital and spin moments in supported nanoscale Fe clusters deposited in situ from a gas aggregation source onto highly oriented pyrolitic graphite in ultrahigh vacuum. Mass-filtered ͑2.4 nm, 610 atoms͒ and unfiltered ͑1-5 nm, 40-5000 atoms͒ clusters at low coverage have an orbital magnetic moment about twice that of bulk Fe. With increasing coverage the orbital moment of the unfiltered clusters converges to the bulk value. There is no detectable change in the spin moment as a function of coverage. Mass-filtered clusters show an increase in the magnetic dipole moment which we ascribe to distortion resulting from their higher impact energy. An increasing magnetic remanence with coverage is found. ͓S0163-1829͑99͒02225-0͔
Nanoscale clusters in the size range 1-5 nm ͑40-5000 atoms͒ mark the boundary between molecular and solid state systems and have properties distinct from both. The recent surge of interest in them is due to their novel behavior and a growing awareness of their enormous potential in the creation of new materials by deposition from intense massselected cluster beams. 1 This can be done in coincidence with a molecular beam of another material so that the clusters form a separated three-dimensional assembly within a matrix. In films produced this way, there is independent control of the size, volume filling fraction, and even the shape ͑by adjusting the impact velocity͒ of the clusters allowing a great deal of flexibility in the formation of ''designer'' materials. This is especially true of magnetic clusters since magnetism is highly sensitive to the particle size due to several effects. These include the increase in the valence band energy level spacing to a value significant relative to the Zeeman energy B H, 2 the perturbation of the many-body screening response of the valence electron gas, 3 and the reduction in the average atomic coordination. The enhanced proportion of low coordinated atoms at the surface ͑or interface͒, which varies from 15 to 75% in the size range considered here, causes a narrowing of the valence d band and an increase in the density of states at the Fermi level which increases the spin magnetic moment (m s ) towards the highspin atomic limit. This has been identified as the cause of the observed increase of the magnetic moment in free Fe, Co, and Ni clusters [4] [5] [6] [7] and the discovery of 4d magnetism in Rh particles. 8 In addition, an enhanced orbital moment (m l ) is expected due to spin-orbit coupling and the reduced symmetry at the surface which leads to a less effective quenching of the orbital moments by the crystal field. An orbital moment of up to four times the bulk value, depending on the bond length, has been predicted for Fe 4 clusters in a rhombohedral arrangement. 9 The total magnetic moment in free Fe, Co, and Ni clusters was determined as a function of size by measuring their deflection in a Stern-Gerlach field. [4] [5] [6] [7] For large clusters, containing more than about 500 atoms, the bulk value was observed but in all three metals the moment was found to increase with decreasing size and was up to 36% higher than the bulk value in the smallest clusters ͑20 atoms͒. There are few results for supported clusters but magnetic moments 30% larger than the bulk value have been reported for nanoscale colloidal Co clusters. 10 In contrast, a recent calculation 11 has predicted that very small Ni clusters on graphite are nonmagnetic.
We present here in situ x-ray magnetic circular dichroism ͑XMCD͒ measurements on exposed nanoscale clusters supported on a surface in ultrahigh vacuum ͑UHV͒ deposited cleanly from a UHV compatible gas aggregation source. An important advantage of studying adsorbed clusters is the accurate control over the temperature and the possibility of cooling to low cryogenic values which is difficult in the case of free clusters. In addition it is possible to accumulate sufficient densities on the surface to study the effect of interaction. On the other hand, they are not subjected to the large stress imposed by a surrounding matrix. We demonstrate a doubling of the orbital magnetic moment in Fe clusters relative to the bulk and the power of XMCD as a highly sensitive in situ probe of orbital and spin magnetic moments.
XMCD in L 2,3 edge absorption has become an important tool in the study of the magnetic properties of transition metals, especially in thin films and surfaces. The technique is element specific and sensitive to films of less than one monolayer thickness. Application of the sum rules 12, 13 allows a quantitative and independent determination of both orbital and spin magnetic moments m l and m s . Despite a number of theoretical and experimental problems, 14, 15 experiments have shown that realistic values of m l and m s can be obtained with very high sensitivity. 16, 17 Here we report XMCD measurements of m l and m s in exposed Fe clusters supported on highly oriented pyrolitic graphite ͑HOPG͒ with sizes in the range 1-5 nm ͑40-5000 atoms͒ as a function of their density on the surface. The experiment was conducted on beamline ID 12B of the ESRF, Grenoble on a helical undulator source ͑Helios-I͒ producing PHYSICAL REVIEW B 1 JULY 1999-I VOLUME 60, NUMBER 1 PRB 60 0163-1829/99/60͑1͒/472͑5͒/$15.00 472 ©1999 The American Physical Society intense radiation of selectable helicity with an 85Ϯ5% degree of circular polarization at the Fe L edge. 18 The monochromatic light was obtained with a dragon type monochromator operated at an energy resolution of 0.2 eV. The measurements were made in a 7 T cryomagnet with a base pressure of Ͻ2ϫ10 Ϫ10 mbar. HOPG surfaces were prepared by cleaving in air and heating to ϳ250°C in a UHV sample preparation chamber with a base pressure of 1ϫ10 Ϫ10 mbar, before transferring into the magnet. An earlier photoemission study has shown that any measurable contaminants can be removed by this technique. 19 Fe cluster films were deposited on the substrates in situ using a portable, UHV-compatible gas-aggregation cluster source, described elsewhere, 20 attached to the magnet. The substrate temperature was maintained at 10 K during the film growth and all subsequent measurements. In some depositions, the clusters were size selected using a quadrupole filter, axial with the beam, and capable of filtering masses up to 32 000 amu with a resolving power of up to 100. 20 Transmission electron microscopy 20 and scanning tunneling microscopy ͑STM͒ ͑Refs. 21 and 22͒ studies of Fe and Mn particles deposited by this source have shown that the unfiltered beam has an asymmetric log-normal size distribution with the peak at 2.3 nm and a median diameter of 3.1 nm. The cluster density on the surface could be determined by integrating the drain current from a grid placed in the beam during deposition, and from the XAS signal-to-background ratio ͑edge jump͒. In the following, using a previous calibration, we have converted the integrated current to the equivalent thickness, in Å of a continuous Fe film. The random error in the thickness measurement is 1% and the systematic error is 15%. Results are presented for thicknesses in the range 0.25 to 11.3 Å which for 2.3 nm clusters corresponds to a cluster coverage between approximately 2 and 90% assuming a close-packed layer.
The XAS spectra were obtained by measuring the total sample drain current with the sample normal and applied magnetic field parallel to the photon beam direction, thus minimizing saturation effects. 17 Dichroism measurements were taken by reversing either the field direction H or the photon spin polarization . The data were flux normalized, and scaled to the same edge jump after subtraction of a linear background, so that the measured dichroism is ''per atom. '' 23 Normalized XAS spectra I() for parallel I ↑↑ () and antiparallel I ↑↓ (), H and taken from a low density ͑1.1 Å͒ cluster film without mass-selection, are shown in Fig.  1͑a͒ . No shoulders, characteristic of contamination in the clusters, are visible. Also, even at the lowest coverages studied ͑0.25 Å͒, the spectra are smooth, lacking the detailed structure expected for an atomiclike ground state. 24 The branching ratio ͑ratio of the L 3 intensity to the total L 3 ϩL 2 intensity averaged over both configurations͒, as well as the total intensity ͓proportional to the number of valence band holes n h ͑Ref. 25͔͒, are constant to within 1 and 5%, respectively, with coverage. Figure 1͑b͒ shows L 2,3 XMCD spectra together with their integrals, after normalizing the spectra as described earlier.
Data is shown for unfiltered Fe cluster films at the minimum and maximum densities studied and it is clear that the branching ratio of the L 3 to the L 2 XMCD intensity is largest for low coverages, characteristic of an increased orbital to spin magnetic moment ratio. Figure 1͑c͒ compares L 3 XMCD spectra normalized to the L 2 edge, for a cluster film with mass selection and two unfiltered depositions. The size range in the mass-selected FIG. 1. ͑a͒ XAS spectra for M and antiparallel ͑full line͒ and parallel ͑broken line͒, for a 1.1 Å thick Fe cluster film. Also shown is the step function used for background subtraction in the spinaveraged spectrum. ͑b͒ L 3,2 XMCD spectrum and integrated XMCD signal, for 1.1 Å ͑solid lines͒ and 11.3 Å ͑broken lines͒ Fe cluster films. ͑c͒ L 3 XMCD spectra for a 0.25 Å mass-selected film ͑solid line͒, and for two unfiltered depositions with effective thicknesses of 1.1 Å ͑dashed line, squares͒ and 11.3 Å ͑dashed line, circles͒. To facilitate the comparison the L 3 peak positions have been shifted to the same value. film was restricted to 2.15 to 2.91 nm ͑441-1096 atoms͒ with a median diameter of 2.4 nm ͑610 atoms͒. The two unfiltered depositions show an identical line shape while that of the mass-filtered sample is clearly narrower which we ascribe to the reduced size range. Although this result does not reveal any magnetic information it is still important since it is independent evidence that there is some difference in the morphology of the cluster films between unfiltered and massfiltered depositions.
Absolute values for m l and m s can be obtained by application of the XMCD sum rules. For the calculation of the intensity of ͓I ↑↑ ()ϩI ↑↓ ()͔ an integral step function ͓shown in Fig. 1͑a͔͒ was fitted to the spectrum to remove the edge jumps. A value of 6.61 was used for the 3d occupation number n h , as in Ref. 16 . This is a reasonable choice although the clusters are likely to possess a modified bandstructure compared to bulk Fe which affects the value of n h . The white line intensity ͑proportional to n h ͒, however, is constant to within 5% with increasing coverage and so the uncertainty in n h can only contribute a systematic error. An extra term 7m T , where m T ϭϪ͗T z ͘ B /h, occurs in the spin sum rule, ͗T z ͘ being the expectation value of the magnetic dipole moment. Although this term is negligible for systems possessing cubic symmetry, it can become important at surfaces and interfaces, 14 and so must be considered for the Fe cluster films. Figure 2 shows how m l and (m s ϩ7m T ) vary as a function of coverage in cluster films grown without mass selection. Also shown are transmission XMCD data for thick Fe films. 16 The magnitude of m l is very high at the lowest coverage and shows a significant variation as the density is increased. For the 1.1 Å film, the average cluster separation is ϳ12 nm so that the particles can be considered as isolated. In this sample the value of m l is a factor of 2 larger than in the 11.3 Å film in which the average separation is ϳ2 nm and the clusters are touching. Clearly the cluster-cluster interactions cause a quenching of the orbital moment and we ascribe this to an increase in the average atomic coordination as clusters come into contact. It has been shown 1 that above a critical size, the clusters stay as separate entities and do not coalesce into larger particles. We have confirmed this in a previous in situ STM study of Fe clusters on exposed and Ag terminated Si͑111͒ surfaces in collaboration with the University of Nottingham. 22 The images show that in dense films the clusters do not coalesce into fewer, larger entities. Rather, touching particles distort so that they have flat areas, containing a significant proportion of the surface atoms, in contact. A boundary line between them is, however, clearly visible so that they can be considered as strongly interacting but separate grains. Further evidence that the clusters do not form larger particles after landing is that the diameters of the deposited particles measured from the STM images ͑after correction for the tip radius͒ have the same size distribution as that measured in the free cluster beam by the mass filter. 22 Although no images were taken for Fe clusters on HOPG there was no difference in the size distribution between the exposed and Ag terminated Si͑111͒ surface and we assume it is also the same in the present system.
The value of (m s ϩ7m T ) for the unfiltered cluster depositions increases slightly with coverage. If this were due to the spin moment it would imply, contrary to all expectations for low coordination systems, that the spin moment was lowest in the isolated clusters. It is possible that the change is due to a variation in the number of valence band holes n h but as stated earlier the total absorption cross section per atom ͑proportional to n h ͒ remains constant with coverage to within 5% while the spinϩdipole term changes by 10%. Our favoured interpretation is that the increase in (m s ϩ7m T ) is due to a decrease in the dipole moment ͑opposite to the spin͒ with m s remaining constant. We know from the previous STM study 22 that in the unfiltered assemblies, 94% of the particles are larger than 500 atoms, in which the spin moment in free clusters [4] [5] [6] [7] has attained the bulk value. Thus even for the isolated clusters the data is expected to show the bulk m s value. For the Fe͑001͒ surface 14 the dipole moment has a magnitude of about 10% of the spin moment so, if our interpretation is correct, the magnitude of the change seen in Fig. 2 would be produced by the dipole moment varying from the Fe͑001͒ surface value to almost zero. Since the dipole moment is expected to be highest in low coordinated atoms, the change, as with the orbital moment, reflects the increasing proportion of clusters in contact thus increasing the average atomic coordination. Previous electron yield XMCD measurements from continuous Fe films 12, 13, 25 have yielded values of the ratio m l /(m s ϩ7m T ) comparable to the result reported here for the 11.3 Å cluster film.
For the mass-filtered samples, the filter window was set to the range 2.15-2.91 nm ͑441-1096 atoms͒. This wide setting was in order to deposit a measurable quantity of material in a short time to avoid contamination. The filtering function is a top hat so that the size distribution cuts off abruptly at the limits of 441 atoms and 1096 atoms. Within this range the most probable size is 2.3 nm ͑as in the unfiltered distribution͒ and the median size is 2.4 nm ͑610 atoms͒. Another important difference between the unfiltered and mass-filtered deposition is that in the latter case, the clusters are ionized and accelerated to about 20 eV ͑Ref. 19͒ whereas the unfiltered neutrals land with thermal energy. The free jet expansion in our source is too weak to significantly accelerate the clusters. The measured values of m l and (m s ϩ7m T ) for the massselected film are shown in Fig. 2 . The orbital moment is smaller than in the lowest density unfiltered film which we ascribe to the absence of small clusters below 440 atoms. It is reasonable to assume that the enhancement in m l over the bulk value is proportional to the fraction of surface atoms which increases approximately as the inverse of the cluster diameter in the size range studied here. Removing the smallest clusters will thus tend to lower the average value of m l .
The m s ϩ7m T term measured for the mass-selected film is around 15% smaller than the average value obtained for the unfiltered samples. The clusters in this film are sufficiently large that again, the spin moment will not be measurably larger than the bulk Fe ͑or the dense cluster film͒ value. It is possible that a decrease in the spin moment occurs as a result of a structural change in the particles, for example to the fcc or hcp phase induced by the higher impact energy. We rule this out however since if it occurred we would measure a significantly different XAS line shape compared to the unfiltered clusters rather than the slight narrowing observed. As in the case of the unfiltered films we ascribe the change in m s ϩ7m T to be due to the dipole moment.
The changes in m T and m l when comparing low density mass-filtered and unfiltered depositions is in contrast to those observed for increasing density unfiltered films. In the latter case the variation in the orbital and dipole moments with coverage is due to the increasing average atomic coordination which decreases the value of both moments. In the mass-selected deposition we detect, relative to the lowest density unfiltered film an increased dipole moment and a decreased orbital moment. This detracts from the possibility that the changes are due to an increased mobility and coalescence of the mass-selected ions since in that case we would expect both moments to decrease as in the case of the higher density neutral depositions. We therefore ascribe this change to the increased impact energy producing extra distortion on landing which will increase the average asymmetry of the crystal field around the atoms without significantly affecting the average coordination. The result is an increase in the magnetic dipole term producing the low value of m s ϩ7m T but not the orbital moment. This is a significant finding since it indicates that by varying the impact energy we can have independent control of attributes such as the dipole moment and particle anisotropy. This also demonstrates that XMCD is able to probe ͗T z ͘ with a high sensitivity in a system of randomly oriented particles. Methods which measure ͗T z ͘ directly would require that the clusters all had the same orientation with respect to the substrate.
Hysteresis curves can be measured using XMCD, by measuring the XAS intensity at the L 3 edge as a function of the applied field strength, at a fixed photon polarization. Out-ofplane hysteresis loops ͑i.e., measured with the sample surface normal to the photon beam͒ have a similar shape for all cluster films, with the magnetization saturating at Ϸ1 T and a coercivity of less than 0.1 T.
The ratio of remanence to saturation magnetization, measured in the out-of-plane direction, is shown in Fig. 3 , for various cluster film densities. All unfiltered depositions studied during this experiment showed a small but measurable remanence, which increases per atom with coverage. The blocking temperature of isolated clusters with a diameter of ). 26 If all the particles were this size and were noninteracting, therefore, we would not expect to measure a remanent magnetization at 10 K. We believe the remanence arises from the fact that there is a size distribution and as the coverage is increased the larger clusters, which are below their blocking temperature, will interact with and magnetize ͑by the exchange interaction͒ smaller clusters which, if isolated, would be above their blocking temperature. An alternative explanation is that the perpendicular remanent magnetization is due to the roughnessrelated anisotropy of the cluster-generated film. A previous magnetic linear dichroism experiment 27 which measured the in-plane remanence as a function of cluster coverage showed the same trend as in Fig. 3 . The result is therefore independent of the magnetization direction and we rule out the alternative model.
In conclusion we have demonstrated that isolated nanoscale Fe clusters, either size-selected ͑2.4 nm͒ or with a lognormal size distribution peaking at 2.3 nm, supported on HOPG have an orbital magnetic moment m l a factor of two greater than the bulk value. This decreases with cluster density on the surface and converges to the bulk value when the clusters are in contact. The measured spin moment m s for the unfiltered clusters is, to within experimental error, independent of coverage. We thus attribute the increased value of m l to a less effective quenching by the crystal field due to the reduced average atomic coordination. The mass-filtered film shows a lower value of m s ϩ7m T than the unfiltered depositions which we ascribe to an increase in the magnetic dipole moment due to the higher energy of the ions producing a greater distortion on impact with the surface. The cluster films exhibit remanence which increases with cluster density and is a result of larger clusters below their blocking temperature interacting with and magnetising smaller clusters which if isolated would be above their blocking temperature.
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